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This paper proposes intersymbol interference (ISI) and interblock interference (IBI) cancellation schemes at the transmitter and
the receiver for the single-carrier block transmission with insuﬃcient cyclic prefix (CP). The proposed scheme at the transmitter
can exterminate the interferences by only setting some signals in the transmitted signal block to be the same as those of the pre-
vious transmitted signal block. On the other hand, the proposed schemes at the receiver can cancel the interferences without any
change in the transmitted signals compared to the conventional method. The IBI components are reduced by using previously
detected data signals, while for the ISI cancellation, we firstly change the defective channel matrix into a circulant matrix by using
the tentative decisions, which are obtained by our newly derived frequency domain equalization (FDE), and then the conventional
FDE is performed to compensate the ISI. Moreover, we propose a pilot signal configuration, which enables us to estimate a channel
impulse response whose order is greater than the guard interval (GI). Computer simulations show that the proposed interference
cancellation schemes can significantly improve bit error rate (BER) performance, and the validity of the proposed channel estima-
tion scheme is also demonstrated.
Copyright © 2008 K. Hayashi and H. Sakai. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
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1. INTRODUCTION
A block transmission with cyclic prefix (CP), including or-
thogonal frequency division multiplexing (OFDM) [1, 2]
and single-carrier block transmission with the CP (SC-CP)
[3, 4], has been drawing much attention as a promising can-
didate for the 4G (4th generation) mobile communications
systems. The insertion of the CP as a guard interval (GI)
at the transmitter and the removal of the CP at the receiver
eliminate interblock interference (IBI), if all the delayed sig-
nals exist within the GI. Moreover, the insertion and the re-
moval of the CP convert the eﬀect of the channel from a lin-
ear convolution to a circular convolution. This means that
the CP operation converts a Toeplitz channel matrix into a
circulant matrix, therefore, the intersymbol interference (ISI)
of the received signal can be eﬀectively equalized by a discrete
frequency domain equalizer (FDE) using fast Fourier trans-
form (FFT).
The existence of delayed signals beyond the GI deterio-
rates the performance of the block transmission with the CP.
This is because, with the delayed signals, the IBI cannot be
eliminated by the CP removal and the channel matrix is no
longer the circulant matrix. In order to overcome the per-
formance degradation due to the insuﬃcient GI, a consid-
erable number of studies have been made on the issue, such
as impulse response shortening [5], utilization of an adap-
tive antenna array [6], per tone equalization [7–9], and over-
lap FDE [10, 11]. All these methods can improve the perfor-
mance, however, they increase the computational or system
complexity, which may spoil the most important feature of
the FDE-based system of simplicity.
In this paper, we propose simple ISI and IBI cancellation
schemes for the SC-CP system with the insuﬃcient (or even
without) GI. The proposed schemes can be separated into
two diﬀerent approaches as follows:
(1) an interference cancellation approach by controlling
the transmitted signal (payload) in the transmitter
without any increase in the computational complexity
in the receiver but with some reduction of transmis-
sion rate;
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(2) an approach by the signal processing in the receiver
without any reduction of transmission rate but with
slight increase in the computational complexity at the
receiver.
In the SC-CP system, only limited number of symbols in a
transmitted block cause the interferences, while all the in-
formation data contribute to the interferences in the OFDM
system. Taking advantage of this feature of the SC-CP sys-
tem, the first approach (or the proposed scheme at the trans-
mitter) can exterminate the interference by only setting some
signals in the transmitted signal block to be the same as those
of the previous transmitted signal block without changing
any parameters or configuration of the receiver. Therefore,
it can be said that the proposed scheme cancels the interfer-
ences at the cost of the transmission rate, and in this sense,
the proposed scheme is similar to the SC-CP system with a
variable length GI. However, the proposed scheme does not
require any frame resynchronization, which is necessary for
the variable GI systems. So far, to the best of authors’ knowl-
edge, no countermeasure against the insuﬃcient GI based on
the data signal (payload) modification has been proposed.
On the other hand, the second approach (or the proposed
schemes at receiver) can cancel the interference without any
reduction of the transmission rate. In the block transmission
schemes, the equalization and demodulation processing is
commonly conducted in a block-by-block manner, therefore,
the IBI could be reduced by using previously detected data
signals. For the ISI cancellation, we firstly generate replica
signals of the ISI using tentative decisions in order to make
the defective channel matrix circulant, and then the con-
ventional FDE is performed to compensate the ISI. As for
the replica signals, we propose two tentative decision gener-
ation methods, where our newly derived FDE is utilized. We
also derive linear equalizers using minimum mean-square-
error (MMSE) criterion for the sake of performance bench-
mark. Moreover, we propose a pilot signal configuration for
the SC-CP system, which enables us to estimate channel im-
pulse response even when the channel order is greater than
the GI length. Computer simulations show that the proposed
interference cancellation schemes can significantly improve
bit error rate (BER) performance of the SC-CP system with
the insuﬃcient GI, and especially, the proposed interference
cancellation scheme at the receiver can outperform the lin-
ear MMSE equalizer while it requires much lower computa-
tional complexity than the linear equalizer. Also, the validity
of the proposed channel estimation scheme is demonstrated
via computer simulations.
Note that there is a common point among the proposed
method with the second approach and the methods pro-
posed in [15–18] in the sense that all these methods utilize a
certain estimate of the interference due to the insuﬃcient GI
in order to obtain the same received signal model as the con-
ventional block transmission system with the CP. However,
there are diﬀerences in the ways of obtaining the estimate
of interference. The work [15] has been proposed for mul-
ticarrier transmission and is applied to the SC-CP system in
[16], while the iterative processing is required in order to ob-
tain good performance because of the diﬀerent nature of the
interference between the multicarrier and the single-carrier
signals. In [17], instead of the iterative cancellation, more re-
liable estimate of the interference is obtained based on the
log-likelihood ratios (LLRs) of the coded bits. The scope of
[18] is a bit diﬀerent from other methods and it devises the
configuration or structure of the CP in order to reduce the
loss of the CP transmission, whereas it also utilizes the in-
terference canceller. On the other hand, the contributions of
our method especially against [16–18] will be as follows:
(1) the derivation of the closed form MMSE FDE weights
taking in consideration the interference due to the in-
suﬃcient GI;
(2) the replica signal of the interference is generated taking
advantages of the temporal localization nature of the
interference.
As far as the computational complexity is concerned, all the
methods (our method with the second approach and meth-
ods in [16–18]) require comparably low complexity because
of the utilization of the computationally eﬃcient FDE, al-
though the method in [16] could require a bit higher com-
plexity due to the iterative approach in order to obtain the
same performance depending on the channel conditions.
The rest of this paper is organized as follows. Section 2
introduces the signal model of the SC-CP system with the in-
suﬃcient GI. Sections 3, 4, and 5 describe the proposed inter-
ference cancellation scheme at the transmitter, the proposed
schemes at the receiver, and the proposed pilot configuration
for the channel estimation, respectively. Computer simula-
tion results are presented in Section 6, and finally, conclu-
sions are given in Section 7.
2. SIGNAL MODELING
Figure 1 shows a basic configuration of the SC-CP system.
Let s(n) = [s0(n), . . . , sM−1(n)]T , where the superscript (·)T
stands for the transpose, be the nth information signal block
of size M× 1. The transmitted signal block s′(n) of size (M +
K)×1 is generated from s(n) by adding the CP of K symbols
length as the GI, namely,
s′(n) = Tcps(n), (1)








0K×(M−K) is a zero matrix of size K × (M − K), and IM×M is
an identity matrix of size M ×M.
The received signal block r′(n) is written as
r′(n) = H0s′(n) + H1s′(n− 1) + n′(n), (3)

















Figure 1: Basic configuration of SC-CP system.
where n′(n) is a channel noise vector of size (M +K)× 1. H0
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where {h0, . . . ,hL} denotes the channel impulse response.
After discarding the CP portion of the received signal
block r′(n), the received signal block r(n) of size M × 1 can
be written as
r(n) = Rcpr′(n)
= RcpH0Tcps(n) + RcpH1Tcps(n− 1) + n(n),
(5)







and n(n) = Rcpn′(n).
If the length of the GI is suﬃciently long, namely, K >
L − 1, it can be easily verified that RcpH1Tcp becomes a zero
matrix, and the nth received signal block has no IBI compo-
nent from the (n − 1)th transmitted signal block. Moreover,
if K > L − 1, RcpH0Tcp becomes a circulant matrix of size
M ×M, which means that the one-tap FDE can equalize the
ISI eﬀectively.
However, if the length of the GI is insuﬃcient (K ≤ L−1),



















This means that the IBI from the (n − 1)th transmitted sig-
nal block remains even after the CP removal operation at the
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Note that RcpH0Tcp is no longer a circulant matrix. There-
fore, it is diﬃcult for the one-tap FDE to equalize the received
signal block distorted by the ISI.
Although RcpH0Tcp is no longer a circulant matrix as
mentioned above, it is also true that the matrix still has a
structure close to circulant. In order to present the proposed
interference cancellation schemes, we separate the matrix
RcpH0Tcp into two matrices, namely, a circulant part and a
compensation part, as
RcpH0Tcp = C− CISI, (9)
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where C is a circulant matrix whose first column is the same
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Using C and CISI, the nth received signal block r(n) after
the CP removal can be rewritten as
r(n) = Cs(n)− CISIs(n) + CIBIs(n− 1) + n(n), (12)
where CIBI is defined as
CIBI = RcpH1Tcp. (13)
3. PROPOSED INTERFERENCE CANCELLATION
SCHEME AT TRANSMITTER
In this section, we propose a simple interference cancellation
scheme, which is performed in the transmitter. Although the
proposed scheme requires a certain reduction of the trans-
mission rate, conventional receivers can be used without any
modification.
From (12), we can see that the first term of the right hand,
Cs(n), can be equalized using the FDE, since C is a circulant
matrix, while the second and the third terms could result in
the ISI and the IBI components, respectively, at the FDE out-
put. However, if
CISIs(n) = CIBIs(n− 1) (14)
holds, the received signal block r(n) can be written as
r(n) = Cs(n) + n(n), (15)
which is the same form as the received signal block with the
suﬃcient GI.
Inspection of (7) and (11) reveals that the two matrices,
CISI and CIBI, share the same elements with the same arrange-
ment, although they are not the same matrices. Namely, if we
circularly shift all the elements of CISI to the right side by K
columns, then we obtain CIBI. It is easily verified that CISI and
CIBI can be related as
CISISK = CIBI, (16)
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Also, SK stands for the K times multiplications of S.
Using (16), (14) can be modified as
CISIs(n) = CISISKs(n− 1). (18)
Therefore, taking advantage of the fact that only the limited
number of columns of CISI has nonzero elements, the con-
dition imposed on the transmitted signals for the equality in
(14) to be true is given by
sm(n) = sm+K (n− 1), m =M − L, . . . ,M − K − 1.
(19)
From the condition, we can see that the interferences can be
eliminated by just setting the transmitted signal, while the
transmission rate of the proposed scheme is (M − L + K)/M
times the transmission rate of the original SC-CP system.
Therefore, it can be said that the proposed scheme elimi-
nates the interferences due to the insuﬃcient GI at the cost of
reduction of the transmission rate. Figure 2 shows the pro-
posed transmitted signal configuration for the interference
elimination.
Note that the proposed transmission scheme does not re-
quire the transmitter to know the detailed channel state in-
formation (CSI), such as an instantaneous channel impulse
response. The transmitter only has to know the channel or-
der L, which is not diﬃcult to feed back from the receiver and
could be estimated by using the received signal of the reverse
link in the case of time division duplex (TDD) systems.
With the proposed transmission scheme (19), the re-
ceived signal block r(n) can be written as (15). Since C is
a circulant matrix, it can be diagonalized by the discrete
Fourier transform (DFT) matrix D of size M ×M as [13]
C = DHΛD, (20)
where the superscript H denotes the Hermitian transpose,
and Λ is a diagonal matrix, whose diagonal elements are
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(n − 1)th signal block nth signal block
sM−L(n) · · · sM−K−I (n)sM−L+K (n− 1) · · · sM−I(n− 1)
M − L +K L−K M − L L−K K
Same sequences
Figure 2: Transmitted signal format for interference cancellation.
where diag{v} denotes a diagonal matrix, whose diagonal el-
ements are the same as the elements of vector v. The one-tap
FDE can be formulated as DHΓcnvD, where Γcnv is a diagonal
matrix with the diagonal elements of {γcnv0 , . . . , γcnvM−1}. For
MMSE equalization, the equalizer weights γcnvm are given by
γcnvm =
λ∗m∣∣λm∣∣2 + σ2n/σ2s , m = 0, . . . ,M − 1, (22)
where the superscript∗ denotes the complex conjugate, σ2n is
the variance of the additive channel noise, and σ2s is the vari-
ance of the transmitted data symbols. In this way, the con-
ventional equalization methods for the SC-CP system can
be applied to the proposed scheme. The fundamental dif-
ference between the equalization in the proposed transmis-
sion scheme and in the conventional SC-CP system is that
the channel order can be greater than the length of the GI in
the proposed scheme.
4. PROPOSED INTERFERENCE CANCELLATION
SCHEME AT RECEIVER
In this section, we propose interference cancellation schemes
at the receiver. Unlike the proposed method in Section 3, the
proposed schemes in this section can cancel the interferences
without any reduction of the transmission rate, while they
somewhat increase the complexity of the receiver.
4.1. Interblock interference cancellation
In the block transmission schemes, the equalization and
the detection are commonly conducted in a block-by-block
manner, therefore, the IBI component CIBIs(n − 1) could
be cancelled by using the previously detected data vector
s˜(n− 1). In the proposed method, we cancel the IBI by sub-
tracting CIBIs˜(n−1) from r(n). After the IBI cancellation, the
received signal vector r(n) can be written as
r(n) = r(n)− CIBIs˜(n− 1),
≈ (C− CISI)s(n) + n(n), (23)
where ≈ becomes an equality when s˜(n − 1) = s(n − 1).
Figure 3 shows the configuration of the proposed IBI can-
celler. In this figure, the feedback path stands for the process-
ing of the IBI cancellation using the previously detected data
vector s˜(n− 1). The block of ISI canceller (equalizer) will be
discussed in detail in the next section.
4.2. Intersymbol interference cancellation
In this section, we show ISI cancellation (or equalization)
methods assuming that the IBI components are completely
cancelled, namely,
r(n) = (C− CISI)s(n) + n(n),
= RcpH0Tcps(n) + n(n). (24)
In the following, we firstly derive a linear equalizer, which
will be a benchmark of the proposed method, although it re-
quires high computational complexity compared to the FDE
approach. Then, we derive the FDE weight for the SC-CP
system with insuﬃcient GI based on MMSE criterion. Fi-
nally, we describe the details of the proposed ISI cancella-
tion method, which utilizes the FDE and the replica signal
generator. Note that all these methods correspond to the ISI
canceller (equalizer) in Figure 3.
(1) Linear equalization
As shown in Figure 4, where a linear equalizer matrix of Ω is
employed as the ISI canceller, the output of the linear equal-
izer can be written as
ŝlnr(n) = Ωr(n) = ΩRcpH0Tcp + Ωr(n). (25)
In order to determine the equalizer weights, we have em-
ployed MMSE criterion. The MMSE equalizer can be ob-
tained by minimizing E{tr[(ŝ(n) − s(n))(ŝ(n) − s(n))H]},
where E{·} and tr[·] denote ensemble average and trace of
the matrix, respectively. By solving the minimization prob-














(2) One-tap frequency domain equalization
The channel matrix RcpH0Tcp is no longer a circulant, there-
fore, the one-tap FDE cannot perfectly equalize the distorted
received signal even when the IBIs are completely cancelled.
However, the FDE is still attractive because of the simplic-
ity of the implementation using FFT. As shown in Figure 5,
where the one-tap frequency domain equalizer of DHΓD is
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Figure 5: ISI canceller: FDE.
employed as the ISI canceller, the output of the FDE for the
SC-CP system with the insuﬃcient GI is given by
ŝfde(n) = DHΓDr(n)
= DHΓD(C− CISI)s(n) + DHΓDn(n). (27)
Γ is a diagonal matrix, whose diagonal elements are γ0, . . . ,
γM−1, and the mth element γm is given by (see the appendix)
γm =



























(3) FDE with replica signal generator
The proposed FDE (27) requires low computational com-
plexity and can achieve better performance than the
conventional FDE, however, it still suﬀers from perfor-
mance degradation due to the defective channel matrix
RcpH0Tcp(= C − CISI). In order to further improve the
performance of the FDE, we propose to utilize a replica sig-
nal of CISIs(n), which is generated from a tentative decision
≈
s (n) = [≈s0(n), . . . , ≈sM−1(n)]
T
. The main idea of the pro-
posed method is that, by adding the replica signal CISI
≈
s (n)
to r(n), we can obtain a received signal vector r(n), which is
distorted only by the circulant matrix C in the ideal case, as
r(n) = r(n) + CISI ≈s (n),
≈ Cs(n) + n(n). (29)
Then, the conventional FDE can eﬃciently equalize r(n) as
ŝcancel(n) = DHΓcnvDr(n), (30)
where Γcnv is the diagonal matrix, whose diagonal elements
are defined by (22).
As for the tentative decision used for the replica signal
generation, we consider two schemes as follows.
(1) Tentative Decision 1: in this scheme, we directly utilize
the output of the proposed FDE (27) for the tentative
decision, namely,
≈





where 〈·〉 stands for the detection operation. Figure 6
shows the configuration of the proposed receiver using
the tentative decision 1 for the replica signal generation.
In this figure, the combined parts of the replica sig-
nal generation and the conventional FDE correspond
to the ISI canceller in Figure 3.
(2) Tentative Decision 2: although the idea of the tenta-
tive decision 1 is simple and easily understood, we can-
not have suﬃcient performance gain with the deci-
sion. The reason for the poor performance gain can be














Figure 6: ISI canceller: FDE with replica signal generator using Tentative Decision 1.
explained as follows. Since CISI has nonzero elements



















This means that only the corresponding tentative de-
cision
≈
ssub(n), which is defined in the same way as
ssub(n), is required for the replica signal generation.
However, if we recall the received signal model (24),
we can see that the power of ssub(n) included in r is
smaller than the other transmitted signals due to the
defectiveness of the channel matrix RcpH0Tcp. There-
fore, the reliability of the corresponding FDE output
s˜ subfde (n) = FTs s˜fde(n) is lower than the other signals,
which results in the poor performance gain of the ten-
tative decision 1.
Note that the utilization of the tentative decision 1 combined
with the IBI canceller is similar to the method proposed in
[15] for the multicarrier systems, although the conventional
FDE weights are used also for the replica signal generation.
In the case of multicarrier transmission, the interference due
to the insuﬃcient GI is spread in the discrete frequency do-
main, which makes such a simple approach applicable to the
multicarrier case. Although the same approach as [15] is ap-
plied to the SC-CP system in [16], the iterative interference
cancellation is also employed in order to improve the perfor-
mance.
Based on the discussion above, we propose to utilize not
s˜ subfde (n) but the rest of s˜fde(n) to generate the replica signal of



























By substituting r(n) for RcpH0Tcps(n), s˜fde(n) for s(n), and
s˜ subfde (n) for s
sub(n) in (34), we have


























and r′ sub(n) = FTr r′(n), we finally have
r′ sub(n) ≈ Essub(n), (37)
where

























(IM − FsFTs )s(n)
Figure 7: Derivation of key relations.
Figure 7 explains how to obtain the relations of (34) and
(37), where the colored parts stand for nonzero elements of
the matrices or vectors. The transmitted signal vector s(n)





and (IM − FsFTs )s(n) in the development from the fist line to
the second. In the third line, we have set all the elements of
the columns, which correspond to zero entries of the vector,
to be zero in the second and the third terms. Then, we obtain
the relation of (34). Moreover, in the same way as the third
line, by setting all the columns, which correspond to the zero
entries of the vector, to be zero, we finally obtain the relation
of (37), although the eﬀects of noise or detection errors are
ignored in this derivation.
By solving the overdetermined system of (37), the tenta-









The schematic diagram of the proposed receiver with the ten-
tative decision 2 is shown in Figure 8. In this figure, the up-
permost path is used to obtain the second term of left-hand
side of (34). After the multiplication by the matrix FTr , we
obtain the vector r′sub(n) of (37), therefore, the estimate of
ssubT(n), which is required for the replica signal generation,
is obtained by multiplying the pseudoinverse matrix E.
5. PROPOSED CHANNEL ESTIMATION SCHEME
The proposed schemes can eﬀectively eliminate or cancel the
ISI and the IBI components, however, they require the re-
ceiver to know the channel impulse response, whose order
may be greater than the length of the GI. In this section, we
propose a pilot signal configuration for the computation-
ally eﬃcient channel estimation for the proposed interfer-
ence cancellation schemes.
Let p(n) = [p0(n), . . . , pM−1(n)]T denote the nth pilot
signal block of length M. After the CP removal, the corre-
sponding received pilot signal block, rp(n), can be written as
rp(n) = Cp(n)− CISIp(n) + CIBIp(n− 1) + n(n), (40)
where C, CISI, and CIBI are the same as the matrices defined
in (10), (11), and (13), respectively. Therefore, if we have
CISIp(n) = CIBIp(n− 1)
= CISISKp(n− 1),
(41)
the received pilot signal block rp(n) can be written as
rp(n) = Cp(n) + n(n). (42)
From (41), it can be said that if the two consecutive pilot sig-
nal blocks, p(n− 1) and p(n), have the relation of
p(n) = SKp(n− 1), (43)
the equality of (41) is always true regardless of CISI. Although
we can also employ the same condition as (19), the condi-
tion of (43) will be more suited for the pilot signals. This is
because the second pilot signal can generate only the cyclic
shift operation from a predetermined pilot signal. Figure 9






















Figure 8: ISI canceller: FDE with replica signal generator using tentative decision 2.
1st pilot signal block 2nd pilot signal block
p0(n − 1) · · ·pK−1(n − 1)pK (n − 1) · · · pM−1(n− 1)pM−1(n − 1)· · ·p0(n− 1)
M M −K K
Figure 9: Pilot signal configuration for insuﬃcient GI.
shows the proposed pilot signal configuration for the chan-
nel estimation.
Now that we have the received pilot signal block given by
(42), we can estimate the channel impulse response, whose
order is possibly greater than the length of the CP, by us-
ing conventional channel estimation schemes. For example,
since the received pilot signal block can be modified as
rp(n) = Cp(n) + n(n)
= Q(n)h + n(n), (44)


















and h is the channel impulse response vector defined as h =
[h0, . . . ,hL]
T , the channel impulse response is estimated as
[14]
ĥ = (Q(n)HQ(n))−1Q(n)Hrp. (46)
Also, more computationally eﬃcient channel estimation
can be achieved in the DFT domain. The DFT of the received
pilot signal rp(n) is given by
Drp(n) = DCp(n) + Dn(n) = ΛP(n) + N(n)
= diag{P(n)}H + N(n), (47)
Table 1: System parameters.
Mod./demod. scheme QPSK/coherent detection
FFT length M = 64
Guard interval K = 16
Channel order L = 20
Channel model 9-path Rayleigh fading channel
Channel noise Additive white Gaussian noise
where P(n)=Dp(n), N(n)=Dn(n), and H=D[hT 01×(M−L−1)]T ,
therefore, the frequency response of the channel H can be
estimated as
Ĥ = (diag{P(n)})−1Drp(n). (48)
Note that, since P(n) is known to the receiver a priori, the
calculation of Ĥ is eﬃciently conducted using the FFT.
6. COMPUTER SIMULATION
In order to confirm the validity of the proposed interference
cancellation and the channel estimation schemes, we have
conducted computer simulations. System parameters used in
the computer simulations are summarized in Table 1.
As a modulation/demodulation scheme, QPSK modula-
tion with a coherent detection is employed. The FFT length
(or the information block size), the length of GI, and the
channel order are set to be M = 64, K = 16, and L = 20,
respectively. 9-path frequency selective Rayleigh fading chan-
nel with uniform delay power profile is used for the channel
model. In order to evaluate the performance against solely
the frequency selectivity of the channel, no time variation of
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ZF FDE w/o proposed scheme
ZF FDE with proposed scheme
MMSE FDE w/o proposed scheme
MMSE FDE with proposed scheme
Figure 10: BER performance of interference canceller at transmit-
ter.
the channel has been assumed. Also, additive white Gaussian
noise (AWGN) is assumed as the channel noise. In the com-
puter simulation of the proposed interference cancellation
schemes, perfect channel estimation is assumed in order to
evaluate the attainable BER performance by the employment
of the proposed schemes.
Figure 10 shows the BER performance versus the ratio of
the energy per bit to the noise power density (Eb/N0) of the
proposed scheme in Section 2 with the MMSE-based FDE.
The BER performances of the SC-CP system without the pro-
posed transmission scheme are also plotted in the same fig-
ure. Note that the transmission rate of the proposed method
in this figure is (M − L + K)/M = 0.9375 times that of the
conventional SC-CP system. From this figure, we can see
that the proposed scheme can improve the BER performance
significantly at the cost of transmission rate, while the perfor-
mance of the SC-CP system without the proposed scheme is
degraded due to the ISI and the IBI caused by the insuﬃcient
GI.
Figure 11 shows the BER performances versus the Eb/N0
of the following 8 schemes as follows:
(1) conventional FDE: the conventional FDE (22) without
the IBI canceller;
(2) FDE: the proposed FDE (27) without the IBI canceller;
(3) FDE with IBI cncl: the proposed FDE (27) with the IBI
canceller;
(4) FDE with replica signal generator and IBI cncl (TD1):
the conventional FDE (22) with the replica signal gen-
erator using tentative decision 1 and the IBI canceller;
(5) FDE with replica signal generator and IBI cncl (TD2):
the conventional FDE (22) with the replica signal gen-
erator using tentative decision 2 and the IBI canceller;
(6) Linear MMSE with IBI cncl: the linear MMSE equalizer
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FDE with replica signal generator and IBI cncl (TD1)
Linear MMSE with IBI cncl
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Figure 11: BER performance of interference canceller at receiver.
(7) Linear MMSE with Suﬃcient GI: the linear MMSE
equalizer (26) (or equivalently the conventional
MMSE FDE (22)) with suﬃcient length of the GI (K =
20).
From this figure, we can see that the proposed FDE with the
replica signal generation using the tentative decision 2 and the
IBI canceller can achieve the best performance among the
systems with the insuﬃcient GI, and the performance is close
to the linear MMSE equalizer with the suﬃcient GI. Amaz-
ingly enough, FDE with replica signal generator and IBI cncl
(TD2) can outperform even the linear MMSE equalizer with
the IBI canceller, while the proposed FDE requires much
lower computational complexity than the linear equalizer—
thanks to the implementation using the FFT. Also, it should
be noted that even only the proposed IBI cancellation can
significantly improve the BER performance.
Figure 12 shows the mean-square errors (MSEs) of the
channel estimation schemes (46) and (48) versus the Eb/N0
with and without the proposed pilot signal configuration.





∥∥h− h∥∥2∥∥h∥∥2 , (49)
where ‖·‖ denotes the Euclidean norm, and Ntrial denotes
the number of channel realizations and is set to be 1 000 in
the simulations. From this figure, we can see that the pro-
posed pilot signal configuration can achieve accurate chan-
nel estimation even when the channel order is greater than
the length of the GI.
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Figure 12: Channel estimation error.
7. CONCLUSION
We have proposed ISI and IBI cancellation schemes for the
SC-CP system with the insuﬃcient GI. Moreover, we have
proposed a pilot signal configuration for the channel esti-
mation, where the channel order is possibly greater than
the length of the GI. The proposed interference cancella-
tion scheme at the transmitter can exterminate the interfer-
ences without changing any configuration of the receiver at
the cost of some reduction of the transmission rate. On the
other hand, the proposed interference cancellation schemes
at the receiver increase the complexity of the receiver to some
extent, however, they can eﬃciently cancel the interferences
without any reduction of the transmission rate. The perfor-
mances of the proposed interference cancellation schemes
and the channel estimation schemes are evaluated via com-
puter simulations. From all the results, it can be concluded
that the proposed schemes could be a simple but powerful
solution for the SC-CP system with the insuﬃcient GI.
APPENDIX
Here, we derive MMSE FDE weights of the SC-CP scheme
with the insuﬃcient GI. Since the received signal vector can
be rewritten as
r(n) = RcpH0Tcps(n) + n(n)
= DHΛDs(n)− CISIs(n) + n(n),
(A.1)
denoting the FDE weights by a diagonal matrix Γ, whose di-
agonal components are γ0, . . . , γM−1, the FDE output can be
given by
ŝfde(n) = DHΓDr(n)
= DHΓΛDs(n)−DHΓDCISIs(n) + DHΓDn(n).
(A.2)
In order to derive the MMSE weights, we define a cost
function J to be minimized as












Ignoring the term tr[σ2s IM], which has no elements of Γ, the


















Moreover, defining a matrix as
G = DCISIDH , (A.5)




























By solving ∂J ′/∂γ∗m = 0, we have the MMSE weight of (28) as
γm =
λ∗m − g∗m,m∣∣λm∣∣2 − λmg∗m,m − λ∗mgm,m +∑M−1i=0 ∣∣gm,i∣∣2 + σ2n/σ2s
= λ
∗
m − g∗m,m∣∣λm − gm,m∣∣2 +∑M−1i=0,i /=m∣∣gm,i∣∣2 + σ2n/σ2s ,
(A.8)
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